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Summary 

The Fas antigen (Fee) belongs to the tumor necrosis 
factor (TNFynerve growth lector receptor f amity, and 
It mediates apoptosla. Using a soluble form of mouse 
Fes, prepared by fusion with human Immunoglobulin 
Fc, Fas Ogsnd wis detected on the cell surf ace of a 
cytotoxic T cell hybtfdoma, PC60-d10S. A cell popu- 
lation that highly expresses Fas ligand was sorted us- 
ing a nuorescence-acthnited celt sorter, and Re cONA 
was Isolated from the sorted cells by expression clon- 
ing. The amino add sequence Indicated that Fas ligand 
Is a type II transmembrane protein that belongs to the 
TNF family. The recombinant Fas Bgand expressed In 
COS cells Induced apoptosis In Fas-expressing target 
celts. Northern hybridization revealed that Fas Bgand 
Is expressed In activated adenocytes and thymocytes, 
consistent whh He Involvement In T celt-mediated cy- 
totoxicity end In several nontymphold tissues, such* as 
testis. 

Introduction 

Mammalian development is tightly regulated not only by 
the proWeration and differentiation of cells but also by cell 
death (EKs at at, 1991; Raff, 1992). The cell death that 
occurs during development or tissue turnover is called 
programmed cell death, most of which proceeds via 
apoptosb (Walker et al.. 1988; Wyfte et aL, 1980). Apop- 
tosis is morphologicaty distinguished from necrosis, 
which occurs during the accidental cefl death caused by 
physical or chemical agents: During apoplosis. the cyto- 
plasm of the affected cells condenses, and the nucleus 
also condenses and becomes fragmented. At the final 
stage of apoptosb, the cans themselves are fragmented 
(apoptotic bodes) and are phaoocytosed by neighboring 
macrophages and granulocytes (Raff, 1 992; Walker et a)., 
1988; WylOeetal., 1980). Apoptosis occurs not only during 
programmed cell death, but also during the death process 
induced by some cytotoxic T cells, such as tumor necrosis 
factor (TNF) or lymphotoxin (LT) (Cohen et al., 1992; 
Golstein et al.. 1991). 


The Fas antigen (Fas) is a cell surface protein of relative 
molecular weight (Mr) 45 kd and carries a single trans- 
membrane domain (Hon et al.. 1991; Oehm et aL. 1992; 
Watanabe-Fukunaga et al.. 1992b). Fas is a member of 
the TNFmerve growth factor receptor family, which in- 
cludes two TNF receptors (type I, P or 55 kd; type II. a or 
75 kd), the tow-affinity nerve growth factor receptor, and 
CO40. C027. CO30. and OX40 (Nagala, 1993). Members 
of this farrury are homologous as to sequences in the extra- 
cellular regions. A high level of Fas mRNA expression has 
been detected in various tissues, such as the thymus, tVer, 
king, heart, and ovary of adult mice (Watanabe-Fukunaga 
et al.. 1992b). Some monoclonal antibodies (anti-Fas or 
antf-APO-1 antibodies) against human or mouse Fas work 
as agonists and induce apoptosis ol the ce*s expressing 
Fas. in vitro and in vivo (Hon et al.. 1991; Ogasawara et 
al., 1993; Trauth et al.. 1989). These results suggested 
mat Fas is a receptor for an unidentified Bgand and trans- 
duces the apoptotic signal Into cells. 

The genetic and molecular analyses of the mouse Fas 
chromosomal gene indicated that Fas b encoded by the 
gene at the locus of the mouse rymphoprolif eration muta- 
tion Ipr (Adachi et al., 1993; Watanabe-Fukunaga et al.. 
1 992a), which is a natural, autosomal, and recessive muta- 
tion (Cohen and Bsenberg. 1991). Since mice carrying 
mutations homozygous at the fcr locus have rymphede- 
nopathy and autoimmune disease (Cohen and Bsenberg, 
1991). it is likely that Fas is involved in the development 
of T ceRs. Accordingly, Fas b expressed In most thymo- 
cytes of the wild type, but not in Ipr mice (Ogasawara el 
al., 1993). Immature T cells are killed by apoptoste at least 
in two steps during development In the thymus (RamsdeR 
and Fowtkers. 1990). Those T ceBs carrying T cell recep- 
tors that do not recognize self MHC antigens as a restric- 
tion element are tailed or neglected, while theT celte recog- 
nizing the self antigens are kilted by a process called 
negative selection. Analysis of thymic T cell development 
inwOd-rype and fpr mice has suggested that the neglected 
thymocytes escape from apoptosb In the thymus, then go 
to the periphery in Ipr mice (Zhou et al„ 1993). In addition 
to being expressed in thymocytes. Fas b expressed in 
activated mature T ceBs (Trauth et al., 1989). Russell et al. 
(1 993) have suggested a role of Fas-mediated apoptosis in 
the Induction of peripheral tolerance. In the antigen- 
stimulated suicide of mature T cells, or both. 

Fas seems to be involved not only In the development 
and turnover of T cells, but also In cytotoxic T eel (CTL)- 
medtated apoptosb. Rouvier et al (1993) showed that the 
presence of Fas on target ceto was required tor their rysb 
by a CTt hybridoma (PC$0-dl OS (dl OSD and more g«ner> 
aJr/tc*cakaun>irKtepen<krt 

suits suggested that CTX cetts express the Fas ligand on 
their surface and that the interaction of Fas ligand with 
Fas on target ceBs induces apoptosis In target cells. 

To understand the role and mechanism of Fas-mediated 
apoptosb in various systems, it is essential to Identify the 
Fas ligand. In this study, we isolated a cDNA for the Fas 
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Ftgurt 1. Flow Cytometry ol dIOS and COS Cells Trtnsfeciad with 
Fas Ugand cDMA 

(a and b) Flow cytometry of dIOS and dtOS-2 ceOs. Tha dIOS ceBs 
were sorted twice by FAC5 to obtain dlOS-2 ceOs. as described under 
Experimental Procedures. The dl OS cells (1 x 10*) (a) or d 105-2 eels 
0 x 10") (b) were stained with bkrfnyuted mFas-Fc afX J PE-confu- 
gated straptavidin before (stippled area) or after (dosed area) exposure 
to PMA and tonofnyon tor 4 hf. Each sample was washed and analyzed 
by How cytometry. The staining profile with PE-conjugeted streptavidin 
alone is also shown (open area). 

(c) Flow cytometry of COS cells transfected with pTN24-l5. Monkey 
COS cefls (4 x 10*) were transfected with DTN24-15. The cefts were 
detached from the plates with EOT A 72 hr later, stained with btotinyf- 
ated mFas-Fc and PE-Ubeled streptevidm (closed area), or PE- 
l ab ele d streptavidin etone (open area), and analysed By flow cytometry. 
Control COS cells were transfected with the empty vector, and meir 
staining prof** with biotinyUited mFas-Fc and PE-conjugated strepta- 
vidin b aftso shown (stippled area). 


Kg and expressed in 0*1 OS cells. The structural analysts of 
the cDMA indicated that the Fas Hgand is a type tl mem- 
brane protein homologous to members of the TNF family, 
which Includes TNFa r TNFfr. LTp\ and the Bgands for 
CD40. C027. and CD30. 

Results 

Molecular Cloning of the Fas Ugand 

To identify the Fas Ggand, we prepared a chimeric protein 
(mFas-Fc) consisting of the extracellular region of the 
mouse Fas antigen fused to the hinge, CH2, and CHS 
domains of human immunoglobulin y 1 heavy chain (Aruffo 
et al., 1990). As a control, a chimeric molecule (hTNFRft- 
Fc) between the extracellular region of human TNF recep- 
tor p (p55) and the Fc region of human immunoglobuiin 
Gl was prepared by a similar method. 

The T cell hybridoma. dIOS, is cytotoxic against cells 
expressing Fas. but not against those which do not (Rou- 
vieretal., 1993). The cytotoxic activity of dl OS was inhib- 
ited by mFas-Fc, but not by hTNFFtp*-Fc (see below; 
T. S. and S. N.. submitted). When d1 OS cells were stained 
with btotinytated mFas-Fc followed by phycoerythrin (PE> 
conjugated streptavidin, there was a smafl shift in a flow 
cytometric profile (Figure 1a). Stimulation of d10S ceUs 
with phorbol myrisitc acetate (PMA) and fenomycin en- 
hances their cytotoxic activity (Rouvier et al., 1993). Ac- 
cordingly, this treatment greatly increased the expression 
of a protein which binds mFas-Fc in d10S cells (Fig- 
ure 1a). On the other hand, dIOS cefls were not signm- 
cantty stained with biotinyJated hTNFRfr-Fc, indicating 
that mFas-Fc specifically bound to the Fas ftgand (data 
not shown). 

To facilitate cDNA cloning, a population of d10S cells, 
which expressed large amounts of the Fas ligand, was 


selected by FACS using btotinytated mFas-Fc and PE- 
conjugated streptavidin, as described under Experimental 
Procedures. To exclude the possible enrichment of Fey 
receptor-positive population, cells were also stained with 
fluorescein isothweyanate (FITCHabeted hTNFRp^-Fc, 
and a cell population (about 0.3%-0.5%) that stained in- 
tensely with mFas-Fc but not with hTNFBpv-Fc was 
sorted. Two rounds of sorting of dl OS celts (d 1 0S-2) signif i- 
cantly enriched the cell population that highly expressed 
the Fas ligand, under both unstimulated and stimulated 
conditions (Figure 1b). 

A cONA library (-2.2 x 10* clones) in a mammafian 
expression vector (pCEV4) (ttoh et al.. 1991) was con- 
structed with mRNA from the PMA and ttnomycin- 
sttmulated d10S-2 celts. Ptasmid DNA from the whole li- 
brary was introduced into COS cells. The transfected COS 
celts were allowed to bind mFas-Fc and were then treated 
with a chemical cross-linker (Harada et al., 1 990). The cells 
cross-linked with mFas-Fc were enriched by panning, as 
described under Experimental Procedures. This proce- 
dure (enrichment by panning and amplification in Esche- 
richia cob* [EL coiij) was repeated four times, and ptasmid 
DMAs were prepared from Individual bacterial clones after 
the fourth round. Clones (12 out of 48) contained Inserts 
of more than 1.0 kb, and they were rndrviduafly introduced 
into COS cells . When these cells were stained with btotlnyt- 
aied mFas-Fc and analyzed by Bow cytometry, five of 
them were positive. A typical result with COS cefis trans- 
fected with DTN24-15 to shown In Figure 1c In contrast. 
COS cells transfected with the empty vector were not 
stained with bkrtinytated mFas-Fc. Furthermore, COS 
celts transfected with pTN24-l5 did not significantly bind 
biotinylated hTNFRfr-Fc (data not shown). 

Structure of the Fas Ugand 

Restriction enzyme mapping of the Inserts of the five posi- 
tive clones indicated that they overlapped. One clone con- 
taining a 1 .6 kb insert, pTN24~15. was therefore randomly 
selected and further characterized. The nucleotide se- 
quence of pTN24-l5 and its predicted amino acid se- 
quence are presented In Figure 2. The cONA consists of 
1623 nt and there is only one long open reading frame. 
The initiation site was tentatively assigned td the ATG co- 
don at nucleotide positions 74-76, although the nucleotide 
sequence surrounding this initiation site does not conform 
wed with the consensus sequence (CCA/GCCATGG) pro- 
posed by Kozak (1991). The open reading frame ends at 
the termination codon TAA at positions 908-910 and thus 
codes for a protein of 278 amino acids with a calculated 
Mr of 31,138 and an isoelectric point of 9.53. The first 77 
amino acids of this protein are extremely rich in proline 
residues. Although it lacks a signal sequence at the 
N-terrninus, its hydropathy analysts indicated that the pro- 
line-rich region is foflowed by 22 hydrophobic amino acids 
that presumably function as a transmembrane anchor. 
The tack of a signal sequence and the presence of an 
internal hydrophobic domain suggested that the Fas li- 
gand is a type It transmembrane protein. The putative ex- 
tracellular domain in its carboxyf region consists of 179 
amino acids and contains lour potential N-gtycosytation 
sites (N-X-S/T). 
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The dlOS cell line used 10 prepare the cDNA library 1$ 
a hybrid between rat and mouse cell lines (Conzelmann 
et al.. 1982). To determine the origin of the doned Fas 
ligand cONA, two sets ol oligonucleotides containing se- 
quences tor the y noncoding region of pTN24-15 (nucleo- 
tides from positions 1006-1025 and 1305-1324 toe the 
forward primer and 1327-1346 and 1543-1562 for the re- 
verse primer) were synthesized. When genomic ONAs 
from the rat and mouse spleen were analyzed by polymer- 
ase chain reaction, only rat chromosomal DNAgave bands 
of the predicted sizes of 341 bp and 258 bp (data not 
shown). Furthermore, Northern hybridization with pTN24- 
15 as probe under high stringency gave a band of 2 kb 
in rat but not mouse RNA (see below. T. T- T. S., and 
S. N.. unpublished data). These results indicated that the 
cloned cONA sequence was derived from the rat genome 
present in the d10S hybrid cell fine. 

Biochemical and Biological Properties 
of the Fas Ligand 

The Fas Bgands expressed In dlOS cells and In the COS 
ceBs transfected with pTN24-15 were biochemically char- 
acterized by imrnunopredpitation using mFas-Fc. The 
mFas-Fc specifically precipitated protein(s) ol Mr 38-42 
Kd from biotinylated cell surface proteins of the d10S-l2 
cell Hne (sorted 12 Umes by FACS) (Figure 3; T. S. and 
S. M M submitted). Similarly, tmmunoprecipitaUon of the 
rysates from COS cells transfected with pTN24-1 5. but not 
with the empty vector, gave several bands of Mr 36-43 kd, 
which differed slightly from the bands detected in d1 OS-1 2 


coOs. The Mr of the Fas figand expressed m d10S-12 celts 
or COS cells is larger than that calculated from its amino 
acid sequence (Mr. 31.138). The difference is probably 
due to gryoosylation of some of the four N^jrycosytatlon 
sites. This may also explain the sflgntty different Mr be- 
tween the natural Fas figand In d1 OS cells and the recombi- 
nant Fas bgand expressed in COS ceBs. 

To confirm that pTN24-15 codes for the Fas figand. the 
cytotoxic activity of the COS cells expressing the recombi- 
nant Fas figand was examined using WR19L trans- 
tormanis (W4)that express mouse Fas (Ogasawara et at, 
1993) as target cells. As shown in Figure 4b. COS cells 
transfected with pTN24-15 induced cytotysls of W4 In s 
oose^ependent manner, while control COS eels trans- 
fected with the empty vector exhibited no cytotoxic activity. 
The Uansfected COS cells were at least 10 times more 
efficient as effectors against W4 cells, based upon the 
effector/target cells ratio, than were the original dlOS cells 
(Ftgures 4a and 4b). The Fas igand expressed in d10S 
or COS eels could not kill parental WR19L cells (Figure 
4). Since WH19L cells are susceptible to kilfing by TNF 
(Itoh et al.. 1993). this suggests that the Fas figand cannot 
induce the death signal through the TNF receptor. To con- 
firm the speciTicrty of the Fas Dgand. mFas-Fc or hTNFRfr- 
Fc was added to the assay mixture. As shown in Figure 
4d, the cytotoxic activities of COS cells expressing the 
recombinant Fas figand. as well as that of the dlOS cells, 
were almost completely inhibited by 10 ug/mf of mFas- 
Fc but not by hTNFRfr-Fc. The supernatant of COS cells 
transfected with the Fas figand cONA also had significant 


Cell 
117? 



29 - 


21.5 " 


12.4 - 


Figure 3. InvnunoprecipiUlion of the Fas Ugand with the mFas-Fc 
The dtOS cefls were sorted 12 times by FACS lo obtain the d1 OS-12 cef 
fine. COS cells were transfeded with pCEV4 vector OKA or pTN24-15 
carrying Fas ligand cONA. After 72 nr. translected COS cells were 
detached with EDTA. The eel surface proteins of the dlOS-12 eel 
Ene and me transfected COS eels were btotinyleted. fysed in buffer 
containing NP-40. predeared with hTNFRp-Fc. and irnrmxraorecipi- 
tated with mFes-fc, as described under experimental Procedures. 
The tmrrtunoprecipftales were heated at K*C tor 2 min In LaemmfTs 
sampfe butler containing 5% 2-morcaptoorhand and reaofvod by elac- 
trophoresls through t icw*-?OH gradient poryecrytarmde gel In the 
presence of 0. 1 % SOS. The proteins were btoded onto a PVOF menv 
br ene (Mfflipor e) and detected using the ECL system (Amersham) efter 
staining with sU«pUvk)irv<x>njugated horseradish peroxidase. As size 
markers. bSotirvfebefed molecular weight standards (Pharmacia) were 
electrophoresed 'm paralef; sues of standard proteins are shown in 
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Figure 4. Cytotoxic Actrvty of dIOS Celts and the Recombinant Fas 
Ligand Expressed in COS Cats 

(a) Cytotoxic activity of dtOS eels. The cytotoxic activity was assayed 
in duplicate using "Cc-laboled W4 (closed drde) or WWt 9L cats (open 
drde). as described under Experimental Procedures. 

(b) Cytotoxic actmty of the recombinant Fes ftgarxJ •jpwessed in COS 
cells. COS caffs were transfeded wtti the pCEV4 vector (dosed drde) 
or pTN2*-t 5 DMA (dosed triangle, open drde). At 72 hr efter transtec- 
kon, cytotojdc*y of the esnxlected COS cw*» uxMg W4 (dosed orde. 
dosed tiangle) or WFU9L cat* {open drde) as txrywi oe*» » shown. 

(c) Cytotoxic activity of me eofubte recombinant Fas figand produced 
by COS ceis. COS cees were frenefected with pCEVa (dosed drde) 
or pTN24-1$ (dosed triangle, open drde). At 18 hi after tremleciion. 
tie medium was changed to serum-free OMEM, end ceea were Incu- 
bated tor 41 hr. The cuftxre eupematant of the transfocted cefls was 
filtrated through 0^2 pm ftter. concentraied Mold, and men added 
to the target cote. W4 ceia (dosed drde. doeed triande) or WH19L 
oeSs (open drde) were ueed as target ceea. Onatofd conceofratton 
corresponds lo the neat supernatant of COS ceas- 
ed) IrihWion of the cytotoxic activity of the Fee figend with mFas-Fc 
The cytotoxic activity of the acftvsted dlOS eels at an effector/target 
(E/T) ratio of 10 (lanes 1-3) or COS cefls trarwfeded w«ipTN24-15 
at an E#T ratio of 0.2 panes 4-«) was determined using "Crtafeeled 
W4 cefts as target eels. No chimeric proteins (open bar). 10 ap/mf of 
hTNFRS-Fc (hatched bar). <* mFas-Fc (dosed ber) wea added to the 
reaction mixture. 


observed within 1 hr of incubation, and most of rt was 
degraded into nudeosome-sized fragments after 2 nr. 
Such fragmentation was not observed in W4 celts incu- 
bated with COS cefls transf ected with pCEV4 (Figure 5). 
Moreover, the activity of the recombinant Fas Bgand was 
seen only tn W4 celts, but not in WR19L celts (data not 
shown). 
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cytotoxic activity upon W4, but not upon WR19L parental 
cells (Figure 4c). These results suggest that the recombi- 
nant Fas figand expressed in COS cells can be released 
into the extracellular fluid, perhaps by cleavage from the 
cell surface. 

We and others have reported that the Fas activated by 
agonistic anti-Fas antibodies mediates apoptosis (Hon et 
a!.. 1991; Ogasawara et at.. 1993; Trauth et ai.. 1989). 
The recombinant Fas figand expressed on COS cells also 
induced apoptosis. In Figure 5. the chromosomal ONA was 
prepared from W4 cefls after various periods of incubation 
with COS cods that were transf ected either with pTN24-15 
or with the empty vector pCEV4. COS cells transfeded 
with pTN24-l 5 induced fragmentation of the chromosomal 
DN A of W4 celts in a step ladder fashion that is characteris- 
tic of apoptosis (Compton, 1992). The DNA tadder was 



Figures. DNA Fra^xnentafion Induced by the Reoornbirwenl Fes U^and 
COS cefta were transfeded wttfc pCFV4 vector panes 1-4) or the Fes 
ligand expression pfsamid pTK24-l 5 (lanes 6-9). At 48 hr after trene- 
teclion. W4 oelb were edded to the trmnstecied COS ceOs e/*J incu^ 
bated at 37*C Delore incubation panes 1 end 6) and after incubation 
lor t hr (lanes 2 and 7*. 2 hr (lanes 3 end 8% or 3 hr (lanes 4 end 9). 
total ONA was prepared from the nonadherent cats and resolved on 
at.OH agarose get in the presence of 0.5 Mg/mt of ethkfmm bromide. 
For %zm ma/xers (lane 5), BaroHWio«*li»d xtkJ MvaJ<*©«»t»d pBR322 
was aledrephorasad in pereJlet; sizes of the DNA fragments are given 
m base pairs. 
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Figure 6. Northern Hybridation oHbeR*tFes UQ*« 
(A) Egression of the Fas Bgand mRNA in the dlOS ce* Sne and Hs 
subline*. PoryfA) RNA was prepared from the dlOS (ongtfiel). diOS-2 
ijorted twice), or dlOSie (sorted 16 limes) cells before (minus s*n) 


Expression of Fas Llgand mRNA 

Theoriginal and sorted dlOS cell fines, rat splenocyus 
and thymocytes, and various rat ^swereex^ned 
by Northern btot hybrkfization "sing^ Fas f^cONA 
as a probe . As shown in Figur e 6A. poly{A) RNA from the 
originaidlOS celts showed a weakly hybrid^ ^ndof 
2 kb The intensity of this band increased considerably 
aher the dlOS cells were activated with PMA and iono- 
mycin. The d10S-2 coll line, which was sorted twice by 
FACS, expressed about four times more Fas Bgand rnRNA 
than did the original d10S after stimulation with PMA and 
ionomycin. which is consistent with the resuto ot the now 
cytometry(see Figure 1). Recently, we obta,^ a 
cell line (sorted t6 times) that exhibited about 100 umes 
higher staining intensity with mFas-Fc and 100 times 
higher cytotoxic activity than did thej^£0S~&s 
(T. S. and S. N.. submitted). According*. d10S-16 cefls 
had about 100 times more Fas Bgand rnRNA than old the 
original dlOS cetts (Figure €A). Thus, the ^ereasedex. 
pression of Fas Bgand mRNA correlated well with the in- 
creased staining intensity with mFas-Fc and the cytotoxic 

iTLn in Figure 6B. fresh rat sptenocytes weakly 
expressed Fas Bgand rnRNA. When sptenocytes were 
stimulated with PMA and ionomycin. or cc*K»navaKn A 
and Mertoukin 2, for 8 hr. Fas Bgand mRNA expression 
was greatly Induced. No expression or Stde expression of 
the Fas Bgand mRNA was detected m rat thyinocytes. 
However, it was also induced by PMA and kwmyctn. or 
concanavafin A and tnlerleukin 2. although the expression 
levels were much toss pronounced as compared with 
those seen in sptenocytes. Among vana»rattiss^ the 
testis gave an intensely hyt>ridaing band of about 2 Kb 
for the Fas Bgand mRNA (Figure 6C). Moderate or weak 
signals were also observed In the small intestines, kidney, 
and lung, whereas no other tissues significantly expressed 
Fasfigand mRNA. AH RNA samples were Intact since rehy- 
bridization of the same membrane with human elongation 
factor 1a (EF-1a) cONA probe (UetsuW et A. 1989) re- 
vealed a 1.8 kb band in all lanes. 

Discussion 

Many cytokine receptor systems mediate the profileralion 
of cells, the differentiation of cells, or both. Some types 

or «n«* lph« sign) stimulation with PMA end tonomydru One intaro- 
ITJZX lane w~ *--*^0 ' lEZZZJt 
eTenalyzad by Northern hvorto^Son T^o^ 
pand cONAfFas^ upper panel) or human ^"ZT^ 
The positions of 18S end 28S rfWAs are Indteated < ^^*****^ 

i£sni^ 

tor 8 hr to the medium -one or to ft* 

500r^ior*xnyciooT5,^ 
Wer*W 

hybriduabon with the ral Fas Bgand cONA (Fas-U upper panel) or 
human EF-lo cONA a* ■ proba (tower pane* p^AlRMA 
<q Expression ol the Fas tioand mRNA In ™ T ^^^ 
w^^edtromth. Indict rat tissues, and W«g 
wished by Norths hybndoation usmo. ral Fas ^ 
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Rgura 7. Aagnmant of tha Amino Acid Saquance of lha TNF Family 
Mambers 

Tha C-tarmlnaJ amino ecU sequence of tha rat Fas ligand was afignad 
with tha oormponolng amino add aaguancasof Thaofi^mambaraof 
th#TNF famSy. baginnlnQ at 6Sa H^arrmmn of mature solutta human 
TNF a_ Humt»n in br»cMtt Irxticil. th« po«*on« from th« m»m>inus 
of tr* primary tramUtkjo product* S*v#r*] ^v* b^n lrttro<iuc»d 
10 optima* tha «f^nm»nt Amino acids identical in mora than fiva 
m«mb«n an »o<fccaJ»d by astarisks. Thm imino *r>d3 of t*vof wd »ut«t»- 
tutions in mom *»an four Rvsmbere era ahoam in bold tenets. Favored 
amino add substitutions ara dafinad as pairs of residues batonging 
to ona of lha toOowing groups: S. T, P. A. and 6: N. D. E. and 0; H, 
K and K; M. I. L, and V; and F. Y. and W. Th* axlant of tha P sh#«i 
regions a-h of TNF. {Eck and Sprang. 1969) is shown at tha top of 
each Boa. Tha cystaino raaiduas found in ths eonesponding poaitioos 
of tha Fas fcgand and TNF a ara urtfanWd. 


of apoptosis also seem to be regulated by cytokines and 
their receptors (Nagata, 1993). We previously suggested 
that Fas b a receptor for an unknown death factor and 
mediates apoptosis. In this report, the cONA for the death 
factor, or the Fas Bgand. was isolated from a CTL cell line . 

The Fas belongs to the TNF/nerve growth factor recep- 
tor family, which Includes two TNF receptors, the low affin- 
ity nerve growth factor receptor, and CO40. CD30. and 
C027 (Itoh et at. 1991; Nagata. 1993). TNFa exists either 
as a type II transmembrane protein or a soluble cytokine 
(Kriegter et aJ.. 1986). The Pgands for CO40. C027. and 
C030 have been tdenfiTted as type II transmembrane pro- 
teins related to TNF (Armitage et al.. 1992; Smith et al.. 
1993; Goodwin et al., 1993). Recently, it was demon- 
strated that LTp, which can associate with TNFp (LTa) 
on the cell surface, is also a member of the TNF family 
(Browning et al.. 1993). The amino add sequence of the 
Fas figand is clearly homologous to those members of the 
s TNF family (Figure 7). Homologous regions are restricted 
to the carboxyf region; that is. the extracellular domain 
that frteracts with the receptor. A pakwise comparison of 
the amino acid sequences in this region indicated that the 
Fas igand is more similar to TNFo. TNFp, and LTp than 
to ligands for CD40, C027, and CO30. The high homolo- 
gies of the Fas ligand with TNFa and TNFP (27.8% and 
28.7% identity, respectively) are comparable to that be- 
tween TNFa and TNFp (29.6% identity) (Pennica et al., 
1984). Despite this similarity, the cloned rat Fas ligand 


could neither bind to the 55 kd human TNF receptor nor 
activate the mouse TNF receptor in WR19L cells. 

TNFa and TNFP function as trim ers (Smith and Bagtioni. 
1987). X-ray diffraction analyses of TNFa and TNFp have 
indicated that each monomer of these cytokines forms an 
elongated, antiparaliel p-pleated sheet sandwich with a 
jelly rod topology (Eck and Sprang. 1989: Eck et al.. 1992; 
Jones et al.. 1 989; Banner et al.. 1993). As shown in Figure 
7. the conserved amino acids among the Fas ligand. 
TNFa. and TNFp were found mainly within the p strands, 
suggesting the Fas ligand has a similar structure to TNFa 
and TNFp. Furthermore, in TNFa, a disulfide bridge finks 
the loop connecting p strands c and d with that connecting 
P strands e and f (Eck and Sprang. 1 989). The two cysteine 
residues in the extracellular domain of the Fas figand were 
found at the corresponding positions (Figure 7). sug- 
gesting that these cysteine residues are connected by a 
disulfide bond similar to that found in TNFa. These struc- 
tural similarities of the Fas figand with TNFa suggest that 
the Fas ligand also exists as a t rimer. The original anti-Fas 
or anH-APO-1 antibody works as an agonist that Induces 
apoptosis by binding to Fas (ltoh et al. 1991; Trauth et 
al., 1989). The anti-Fas antibody is an immunoglobulin 
M (Yonehara et al. 1989). which is an immunoglobulin 
pentamer, whereas the anti-AP0 1 antibody is an immune- 
globulin & (Trauth et al., 1 989), which tends to aggregate. 
The F(abOa fragment of the antf-APO-1 antibody and Its 
botypes have tittle cylotmoc acttvtty (Dhetn et al., 1992). 
However, these divalent antf-APOl antibodies induced 
apoptosis when they were cross-linked by second antibod- 
ies. These results indicate that dimerization ol Fas is insuf- 
ficient to transduce the apoptottc signal, and they are con- 
sistent with a trlmertc structure for the Fas figand. 

Although Rouvier et al. (1993) could not detect Fas li- 
gand activity in the culture medium of the diOS cell fine, 
we detected Fas-dependent cytotoxic activity in the super- 
natant of COS cells transfected with a Fas ligand expres- 
sion piasmid. Moreover, the medium conditioned with the 
dlOS-16ceRs. which expresses about 100 times more Fas 
figand mRNA than the original diOS cell line (Figure 6A). 
was significant cytotoxic against cells expressing Fas 
(T. S. and S. N.. unpublished data). These results suggest 
that overexpression of the Fas ligand on the cefl surface 
causes shedding of the protein, as found in TNF (Kriegter 
et at., 1988; Perez et al., 1990). and the soluble form of 
the Fas ligand actively triggers apoptosis by binding to 
Fas. A large amount of soluble TNF is present in the serum 
of irtc&viduaJs suffering from septic shock caused by bacte- 
rial endotoxins or In the serum of cancer patients (Beutler 
and Cerami, 1986; Old. 1987). Similarly, production of the 
soluble Fas ligand may accompany some human dis- 
eases. Since administration of agonistic anti-Fas antibody 
into mice causes a phenotype simitar to that of fulminant 
hepatitis (Ogasawara et al., 1993). It wifl be of interest to 
examine the involvement of the soluble Fas ligand in hu- 
man fulminant hepatitis. 

Various effector molecules are thought to be involved 
in CTL-mediated cytotoxicity (Apasov et al., 1 993; Golstein 
et al., 1991; Podack et al., 1991). One well characterized 
pathway is the perforin -mediated cytoh/sis of target cells. 
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which is dependent on Ca**. It is also suggested that the . 
soluble or membrane-bound lorm of TNF or LT fe involved 
in various target cell systems. Recently, Rouvw et al. 
(1993) demonstrated that the cytotoxic activity of CTV ny- 
bndoma dtOS depends on the expression ol Fas on target 
cells. Here, we confirmed by generating cytotoxicity with 
the recombinant Fas Bgand that this cytotoxicity is medi- 
ated by interaction between the Fas tigand on dIOS cells 
and Fas on target cells. Furthermore, the cytotoxic activity 
of transtectants ot COS (a fibroblast4ike kidney-derived 
ceQ line) strongly argues that the cytotoxicity mediated by 
the Fas-Fas Tigand system requires no other molecules 
preferentially expressed in activated lymphocytes (such 
as perforin or granrymes).S^ 
icity, which Is aJtoantigervspedtic and Ca*-mdependem\ 
has been observed m peritoneal exudate ryrtiprwcytes 
(Rouvier et al.. 1993). It is likely that the interaction of the 
relevant MHC on target celts with the T ce» receptor on 
effector cefls induces the Fes Bgand on the latter, which 
then bmd to Fas on target cells to Induce apoptosb (Rou- 
vier et a!.. 1993). m addition, we oelected F« Ugand 
mRNA m rat splenocytes after stimulation with PMA and 
ionomydn. or roncanavalin A and mterleukin 2. These 
results suggest that the Fas system Is a novel and common 
mechanism of T ceO-mediated cytotoxicity. In this regard, 
it is noteworthy that some CDC Thl cell fines exhibit a 
cytolytic activity independent of perforin end TNF (Ju, 
1991; Ozdemtti et al., 1992). It would be of interest to 
examine whether or not the Fas system is also involved 
in these cytolytic activities. 

Mice carrying the fer or oW mutation develop lymphade- 
nopathy and autoimmune disease (Cohen and Eisenberg. 
1 99 1 ). It has been suggested that the tpr and gfd are muta- 
tions of genes encoding an interacting pair of molecules 
involved in T cefi development (Allen et al.. 1990). We 
have previously demonstrated that *pr mice have delects 
in the Fas gene and thus proposed that the Fas Bgand 
is encoded by the gene at the gkS locus (Watanabe- 
Fukunaga et al.. 1992a). Recent findings that peritoneal 
exudate lymphocytes from gW mice do not show the Fas- 
dependent cytotoxicity (P. G.. unpublished data) support 
our notion. To confirm this theory, it would be necessary 
to correlate the chromosomal gene locus of mouse Fas 
ligand with the gW locus and to examine the abnormality 
of the chromosomal gene for the Fas ligand in gfd mice. 
The or gkS mice are thought to have detects In the 
thymic development of T celts (Cohen and Eisenberg. 
1991). We previously suggested that the expression of the 
Fas m thymocytes and the Fas Bgand in thymic stromal 
cods control the development of T cells (Walanabe- 
Fukunaga et al.. 1992a). Although most thymocytes ex- 
press Fas (Ogasawara et al., 1993), we could not detect 
the Fas Bgand transcript In the thymus except lor weak 
expression in activated thymocytes. It b possible that the 
Fas ligand Is expressed only transiently in a imited num- 
ber of stromal cells in the thymus. The availability of Fas 
ttgand cONA and mFas-Fc fusion protein would facilitate 
the idenUhcatton of such cells by in situ hybridization and 
immunohistochemistry. 
The Fas is expressed not only in the ceOs ol the immune 


system, but also in the liver, lung, ovary, and heart (Wata- 
nabe-Fukunagaetat.. 1 992b). The physiotogicaJ functions 
of Fas in these tissues are not clear, and no developmental 
abnormalities ol these tissues have been noticed in Ipr 
nor gkS mice. There was no major expression of Fas igand 
mRNA in the aforementioned tissues, although, far in- 
stance, the lung expresses Fas and some detectable level 
of Fas ligand mRNA. On the other hand, the Fas igand 
was expressed in the testis, where no apparent expression 
of Fas was previously detected {Watanabe-Fukunaga 
et al.. 1992b). The testicular seminiferous epnhefium is 
highly proliferative, and many germ cells are programmed 
to die by apoptosis by interaction with Sertoli cells (Allan 
et al., 1992; Miething, 1992). Whether the Sertoi cells 
express the Fas Hgand to kilt the germ cells remains to 
be examined. In any event, these results are consistent 
wtmtheinvolvemenloftheFas system in various aspects 
of mammalian development. 


Flow Cytometry and Satociton <rf tha dl©S-2 Ca« Una 
Tha axprassion plasimds tor mFas-Fc and hTNFRS~Fc mrt coo. 
•tructad with mouaa Fa* gaoa (Waia/u^ukunaga etet.1 *92t>l 
or human TNFB axprassion ptaamld pSSTHFt-MOl (toatachar at at, 
mnarrt human immur^^ 

at «L. 1967). Tnaaa chanartc pmtofaa war* tramianay producadirt 
COS calls or In rtatfa Iranstormants of BTS-1 ca€t (Sadlvy e« al., 
1088) and ware hornogacwalyporinad.ThaoataJai 
procadura w*J ba daaofaad alaaawhara (F. S. and S. aubrnt&ed}. 
ThamF^candhTNn^cwanjWoflny^u^ 
<W**cmm*)t»*™«. (NHS-tC-b^l^)acooninotoa^a 
protocol of *a manuhKHKar. To prapara mc^onfugatad rtuman 
TNFRft-Fc, 1 png of protafa was mlxad wBi 20 ag ol FTTC ki 1 iw of 
SO mM aodhim cartxmaia buffer (pH 9.5). Aflar 
tamparatura far 4 hr. fraa FTTC was ramovad by S** 1 *"*****" 
column ctronatogr aptiy. For Bo* cytometry. diOSor tramfadad COS 
Mia wara washad whh »tainfag aotuoon fe*capr*a^a»ad aaSna 
rPBSt contaWng 2% fatal calf aaniro JFCSt and 0.02H NaMJ. CaBa 
(-1 x 1QT) wara first Incubalad on lea tor to min fa 50 al of "^^^ 
aotuoon conUWog S no/r* rat anlHnouaa Fct« racaptor 
(Ph^riungar* RfTy mk^Hw^c<b«em^^inFa^n0»O^wM 
addad lo tfw raactfan mtatura and facubatad on toa for X iriax ATtar 
w»^r^wfth.Ufalngaolutxxi.thac»te 

with PE<oniugatad slraptavkSn f2S-told dfcitton, BaclorvOWtinaon) In 
100 ill o< staining solution, Cafla warn washad with ataWng aoruOon 
^ar-N/zadbyfto»cytomatry^ 

A aubHna of tha dIOS caR fee that ttafaad Wanaa* waWa*-Fc 
was eatoctod by rap«icva FACS sorting: fa brief, t *J** . I \n 
to* dIOS cats wara Hamad with FrTC-confaoalad hTNFBS-Fc and 
bioanyutad mFas-Fc fattowad by PEHcanjugalad sb^ptavtfn. aa da- 
acnbad abo*a. and aortad using a FACStar l^aclon^lcWnson). Tha 
oath prcvidfag lha Wghast taveb of PE-lfaoraacenoa 
OA*), but not aicflifScandy stainad by FTTC-hTNFRp-Fc, ^ 
lactad andaxpamfad faOulbaccoa modi Gad Eagta'a madfam cpMtaf) 
containing 10H FCS and 50 nM 2-marcaploaihanol. 

Cytotoxicity Aaaays . 
(^totoidcay was aaaayad aaaanfiafh; «o^ c ^P f ^^^T^ 
rf^1W3)-WR1*t.orW4calb(1 x tO^wani lriaa^todlo^r* at 
S7 •C with 20 aO of rCf ) aodium chromata (AmarahamJ fa 100 al Of 
RPMH840 conUimng 10% FCS. Altar washing w» jnadlurnjhaaa 
caas wafa usad as tha ta/gaC Transfaction of COS cato artt Jhe 
pTN2V!5 or Via control vector was parformad 
malhcd. as dascribad pnjvfausry <f ukunaga ^ 1 «J J 1 ^; 
bb^ad target caistt x 101 ware mixed with ^ d1 f 
uanslactad COS caOs al various ralfaa in ' 0wMrtott ^^ 
platw fa a total vofama ot 200 «J. Tha ptatas wara aKdrihigad at 700 
^^2min.nd^tadt W 4hr.t37-C.Thar^war.than 
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centriluged al 1200 rpm tor 5 mm. and 100 »J aliquots of th« iup*fn«- 
tents war* assayed lor radioactivity using ay-counter. Tha spontane- 
ous release of "Cr was datartninad by incubating tha target cats with 
iba rnedium atone, whereas the majdmum release was determined by 
adding Triton X-100 to a final concentration of 0.1%. Tha per oanUga 
of specific *'& release was calculated as toflows: 

Tha spontaneous ralaasa of *'Cr was routinely 6%-l0% of the maxi- 
mum rafease. 

Construction of the eONA Library 

Tha dlOS-2 cetis wera grown up to 2 x 10* cells/ml in DMEM con- 
taining 10% PCS and war* than sbmutmiad with 20 no/ml PMA and 
1 tio/mi ionomycm at 37*C tor 3 nr. Total cellular RNA was isolated 
using puanidtne rsothiocyenale-phenoi acid (Chomczynski and Sac- 
chj, 1987). and pory(A) RNA was selected by two cycles of oligo(dT>- 
ceiutose column chromatography. Doubte-strended cONA primed 
with a random hexamer or ofigo(dT) was synthesized as described 
(Ttoh at al, 1991). A BsOO adaptor was added to t» cONA. which 
was size4raceonated by olactrophoreais on a 1% agarose gel. Those 
eONAs larger than 1.5 kb were recovered and HcjeledtoBstXI-diQested 
pCCV4. E. cofi DH10B cene (OfflCO BRL) war* tramtormed with tha 
Boated DNA by efecboporebon (Dower at at, 1968). About 1.0 a 10* 
Independent clones bom an olgo(dT>primed cONAfrbresywerernixed 
with t J x 10* donas bom a random hextmer-primed cONA aVary 
and ware used to bans fact OOS7 cols. 

Enrichment of cONA Clones for the Fee Ugand by Panning 
COS? cefls were bansfeded with pfaamid DMA by we es operation 
(Potter at af., 1904). In brief. 5 x 10* COS cent were washed with 
K-PBS- pOJmMNaCL 120.7 mM KO. t.1 mM N^HPO. and 1.46 
cnM I0V*C>). and suspended in 0.4 ml of K-P6S* supplemented wW» 
S mM MgCW (K-PBS-). Plasmid DMA (40 »g) olssotved in 0.4 rid of 
K-PBS* waa added to fee eel suspension and Incubated on too for 
10 mm. Cess were then exposed to a 230 v pulse with a capacitance 
of 960 M Fend returned to tha ice.Aftw 10-1S min. tie cefl suspensions 
were diluted w**i 5 ml of eottf serunvfree DMEM and incubated tor 
30 mJo at room temperature. The eels were then plated on 2 10cm 
dishes and cultured tor 60 hr at 37*C In DMEM containing 10% PCS. 
A total of 1.2 x 10* COS cells war* transacted as above and cultured 
In 06 10-cm plates. The cats wera detached Irom the pu^ by Incubat- 
ing at 37*C for 30 mm in 5 ml per plate of PBS-EDTA-NaN, (PBS 
containing 0.5 mM EDTA and 0.02% NaNJ. The detached cells wee a 
rasuspended to a concentration of 5 x 10*107 x 10" cefls par miSaiter 
in PBS-EDTA-N eN, containing 3 mg/mf of bovine serum aJbumin and 
2-5 egfrnt anO-mousa Fcyfl receptor antfbody. After Incubation on ice 
for 10 min. mPes-F c was added to a anal concentration of 4 »g/ml 
and Incubated on Ice for 60 mto. Tha oats wera washed wf^ fcecoW 
PBS and suspended to 5 x 10»to7 x 10* cats per rnWRter in PBS 
wxitaWng 50 mM HEPES buff ar (pH 8-3) and 0.2 mM bis(sutfosuccini- 
midyf) aubetate (BS*; Pierce). After incubabon on ice tor 30 min, 1 M 
Tris-HCt (pH 8.0) was added to a anal concentration of 50 mM and 
Incubated on tee tor 10 mtn. After washing with PBS. cells wera sus- 
pended in 30 ml of PBS-EDTA-NeN, containing 3mg/ml bovine serum 
albumin and passed through Nyton inesh (pore sbje.1 00 tail) to remove 
aggregates. Tha cells ware then distributed into 30 10-cm panning 
plates that ware coated with goat antMiumen immunopfobufin Q Fc 
fCappaf). After incubation for 2 hr at room ternperature. nonadhefent 
oats wera removed by gentle washing with PBS-EDTA-NaN, con- 
■ tainteg 3 mg/mf bovine serum albumin, and the extrachrornewna) 
DMA was extracted from the adheranl cefls as described (boh at at.. 
1001). EWctropor ition of E. ccfl wth the DMA obtained bom tie first 
round of panning yiefoed 4.1 x 1 0* colonies, bom which plasmid DMA 
was prepared, andwasusedto transfect 9.6 x 10*COScefb (60 10-cm 
plates). The second panning using X pistes and DNAprepa/aJion worn 
the adherent cefls proceeded as described above. Transformation of 
E. col with the recovered plasmid DNA yielded 6x10* clones, and 
the third panning using 30 plates was performed by transfacting 4 x 
10* COS cefls Cm 10 plates). WHh the plasmid DNA recovered from 
the adherent cefls. E. cofi was tramtormed to produce 3.6 x io* 


clones, whteh were subjected to a fourth panning, using 1x10* COS 
cefls (in 25 pistes) and 10 panning plates. 

DMA Sequence Aneryele and Northern Hybridization 
The 0MA sequence was determined using a DNA sequencer (model 
370A; Applied Bfosystems) and a Taq DyeOeoxycyctesecajencinglut 
from Appfied Btosystems. For Northern fiytjrxxxation, pofy(A)RNA was 
prepared from dIOS and its derivatives and various rat tissues and 
cells using a mfiNA isolation kit from Pharmacia. RNA was denatured 
at 65*C tor 5 min in 50% looruvnioe. electrophoresed through a 1.5% 
agarose get cont a ining 6.6%tormaidehyde,andbansterredtorxmxel- 
totose or nyton membranes (Schleicher A Schuel). The probe waa 
a 0.9 kb DNA fragment containing the sequence from 43 to 967 of 
pTM24-15. prepared by PCR. and labeled with *P using a random 
primer labeling kit (Boehringer. Mannheim). A "P4abeled 1.8 kb 
BamHI fragment of human EF-to cONA (Uetsuki et af, 1969) was 
used as a control probe DMA. Hybridisation p roceeded as described 
(Sambroo k et si.. 1969) under high stringency. 

Fragmentation of Chromoeomal DMA 

COS cefls (8 x 10)in 24 wel plates were transacted with 1.0 eg of 
pTN24-15 using OEAE-dextren as described (Fukunaga et at. 1990). 
WR19L cells or W4 cefls (Ogaaawa/a at al.. 1993) (2 x 10*) were 
added *o the ir*fti 4« rw aftw bmmlvcbon end incubeted in RPMJ 1 &A0 
medium containing 10% PCS at 37*C. Nonedherent cefls wera col- 
lected, and chromosomal DNA was prepared as described (Laird at 
al.. 1991). 

Surface Lebetng and hwmmoprecrprteUon 
The cefl surface pruteme of dlOS-12 cefls or COS cefls trenefected 
with pTN24-15 were biotirtyteted using o^xotmyt- t-ernlnocaproic add 
N-hyckcnrysucrinimide ester |btotin--CNHS--eeter. Boehrinper-Mann- 
hevn) as described (Meter et al.. 1992). The cefls (7-5 x 10* cefls) 
weretysedby exajbetwg on k» tor 30 rnto In I ml of lysis buffer (1H 
NP-40. 50 mM Trle-MCt (pH 6.0). 150 mM NeCJ. 1 mM fp-emlno- 
phany1jmechar»ee*<tonyl fluoride hydrochloride JAPMSFJ, 1 ap/rnf pep- 
stsdn. and 1 agftnt of leupeptJn). After centrifugaSon at 14.000 rpm 
for 15 min, the supernatant was predeared by in cu bation on toe for 
60 min with 10 »g/ml of hTNFRfl-Fc and tun at 4*C for 60 min with 
a 5% volume of protein A-Sepharose. After removing the protein 
A--Sepherose. 10 mo of mFas-Pc was added to the supernatant and 
incubated on tee for 60 min. Protein A-Sephanxse (0.01 vol) was added 
to the mixture and Incubated at 4*C overnight After cerrtrirugatfon. 
tie precipitates were washed with the lysis butler and rasuspended 
In 20 id of Lsemmirs sample buffer (82.5 mM Trte-HO (pH 6.8TJ. 2% 
SOS. 10% glycerol, end 0.002% Dromophenof bfoe). 
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